Objective: To compare different methods of assessing energy expenditure (EE) and physical activity (PA) in people with spinal cord injury (SCI) under community-dwelling conditions. Methods: A reference standard encompassing the doubly labelled water (DLW) technique, heart rate monitoring (FLEX-HR), a multi-sensor armband (SenseWear Armband (SWA)), and two PA recall questionnaires were employed in 14 people with SCI to estimate EE and leisure-time PA. Results: Mean total daily energy expenditure (TDEE) assessed by DLW, FLEX-HR, and SWA were 9817 ± 2491 kJ/day, 8498 ± 1516 kJ/day, and 11414 ± 3242 kJ/day, respectively. Physical activity energy expenditure (PAEE) quantified by DLW was 2841 ± 1626 kJ/day, 2935 ± 1732 kJ/day estimated from FLEX-HR, and 2773 ± 2966 kJ/day derived from SWA. After converting the PA recall questionnaire data to EE in kJ/day, PAEE for the Physical Activity Recall Assessment for People with Spinal Cord Injury (PARA-SCI) was 2339 ± 1171 kJ/day and for Physical Activity Scale for Individuals with Physical Disabilities (PASIPD) 749 ± 1026 kJ/day. DLW-quantified PAEE was moderately associated with PARA-SCI (R 2 = 0.62, P < 0.05), but not with the other estimates of PAEE (R 2 ranged between 0.13 and 0.30, P > 0.05). Conclusion: Our findings revealed that the PARA-SCI recall questionnaire was the best estimate of PAEE compared to the reference standard DLW approach. Although the between-method variability for SWA, FLEX-HR, and PASIPD-derived PAEE was small, there was a weak association between these methods and the criterion DLW technique. The best estimate of DLW-quantified TDEE was by FLEX-HR. SWA significantly overestimated TDEE in this population.
Introduction
Total daily energy expenditure (TDEE) is the energy used by an individual during a 24-hour period. TDEE can be partitioned into three main components: basal metabolic rate (BMR); the thermic effect of food (TEF); and physical activity (PA)-associated energy expenditure (PAEE). BMR is the largest fraction of TDEE comprising up to 75%, and is defined as the minimal energy cost during absolute rest. 1 Although PAEE represents only 15-30% of TDEE, it is considered to be the most important component due to its high variability, which arises from lifestyle factors such as differences in body weight and the type or amount of PA undertaken. 1 In people with spinal cord injury (SCI), BMR has been reported to be 14-27% lower than for ablebodied individuals. 2 This lower energy expenditure (EE) at rest is likely due to a reduced fat-free mass (FFM) following obligatory sarcopenia after SCI. 3 In addition, people with SCI engage in reduced levels of PA -up to 18% lower than for able-bodied individuals. 4 Both lower BMR and reduced PAEE are consequences of chronic SCI, and these may be sustained across the lifespan, which predisposes the wheelchair-bound individual to adipose tissue accumulation (and overweight/obesity). 5 In addition, numerous adverse metabolic sequelae such as hyperinsulinemia, insulin resistance, type 2 diabetes, dyslipidemia and cardiovascular disease are associated with obesity, and have been reported in this population. 6 Participation in regular PA has the potential to elevate TDEE through increased PAEE, and to improve exercise capacity and physical fitness. These changes can lead to health benefits such as reduced risk factors for cardiovascular disease. 7 Yet at present, there are no clear PA guidelines for individuals with SCI, 8 partly through lack of consensus about activity assessment and EE measurement in this wheelchair-dependent population. 2 A range of techniques have been previously employed under both community-dwelling and laboratory conditions, including indirect calorimetry, 9 heart rate (HR) monitoring 4, 10, 11 and PA recall questionnaires such as
The Physical Activity Scale for Individuals with Physical Disabilities (PASIPD) 12 or the Physical Activity Recall
Assessment for People with Spinal Cord Injury (PARA-SCI). 8 However, due to limitations with some of the techniques for this population, and the lack of comparative studies between the various techniques, there is insufficient evidence to determine which method most accurately estimates TDEE or PAEE in wheelchair users with SCI. For example, despite some initial research to assess EE after SCI, including HR monitoring 4, 11 and PA recall questionnaires, 8, 12 these methods have not been validated against a reference standard such as the doubly labelled water (DLW) technique. Additionally, the SenseWear Armband (SWA), which has been used to estimate EE in overweight children, 13 in patients with cancer, 14 and healthy children, 15 has not been validated in SCI population.
Therefore, considering the importance of PA for general health and well-being, this study sought to compare predictive methods to assess PA and EE with the reference standard DLW technique.
Methods Participants
Approval for this study was granted by the University of Sydney Human Research Ethics Committee. Fourteen people with SCI were recruited for this study. Inclusion criteria were: (i) aged 18-65 years; (ii) at least 1-year post-injury; and (iii) use of a manual wheelchair as their sole form of locomotion. Written informed consent was gained from all participants. Exclusion criteria were: non-treated pressure sores, any cardiovascular conditions, chronic neuropathic pain, and smoking.
Protocol
Participants visited the Clinical Exercise & Rehabilitation Unit on five occasions (Fig. 1 ). Anthropometric and demographic assessments and a BMR measurement were conducted during the first visit. At least 48 hours later, participants presented on two non-consecutive days for the treadmill tests, as part of the FLEX-HR EE-estimation protocol. 16 On the fourth laboratory visit, a double-isotope labelled water dose was administered. Fourteen days later, participants attended for their final visit to complete two PA recall questionnaires (PASIPD and PARA-SCI) and to submit their daily urine samples. For two consecutive days during the 14-day period (between visits 4 and 5), participants wore a HR monitor and a multi-sensor armband (SWA) during Figure 1 Protocol over the 5-day visit. Anthro. = anthropometric measurements; Demog. = demographic measurements; BMR = basal metabolic rate; RMR = resting metabolic rate; TM1 = first treadmill test; TM2 = second treadmill test; DLW = doubly labelled water; HR = heart rate monitoring; SWA = SenseWear Armband; PARA-SCI = Physical Activity Recall Assessment for People with Spinal Cord Injury; PASIPD = Physical Activity Scale for Individuals with Physical Disabilities. their waking hours, for at least 12 hours duration. Our protocol, as characterized in Fig. 1 , was based on previous studies for which similar methods had been used.
17,18
Anthropometric and demographic characteristics (visit 1)
Body mass was taken to the nearest 0.1 kg using a digital scale (K Tron, K Tron International Inc, Scottsdale, AZ, USA), with participants wearing light clothing sitting in their wheelchairs. The mass of the wheelchair was later subtracted from the total mass of the participant plus the wheelchair. Stature was measured in a supine position using a metal measuring tape (Gulick Anthropometric Tape O). The labelled water will distribute throughout the water pool and later, be eliminated from the body, in the urine. Knowing the rate of tracers ingested and eliminated, the total metabolic rate may be estimated from simplifying equations. 19 Participants presented after a fast of at least 6 hours to maximize absorption of the tracer elements. A baseline urine specimen was collected and the DLW (10% enriched 18 O and 99% D 2 O) was administered orally, with the dose based on body mass (1.35 g of DLW × body mass in kg). 19 A second urine sample was collected 6 hours after the priming dose. Then, one specimen of urine was collected daily, over the next 2 weeks at approximately the same time of day as the first urine specimen. Participants collected the samples and stored them refrigerated at home in sterile plastic containers delivered by the researchers on the first day. All urine samples for the 14-day period were collected on the final day of each phase. Samples were analysed for 2 H 2 O and H 2 18 O by isotope ratio by mass spectrometry as described in detail elsewhere. 19 Total EE (kJ) over the two-week period was divided by 14 to estimate mean TDEE.
Calculation of sub-fraction EEs
The DLW technique quantifies only TDEE; therefore, to estimate PAEE we used the following approach: TDEE is the summation of BMR, TEF, and PAEE. 22 TEF can be objectively measured via indirect calorimetry, 23 or it can be considered as a constant 10% of TDEE. 24 Therefore, PAEE was calculated using the formula:
where 0.9 is referred to as the TEF constant fraction of 10% of TDEE. TDEE was quantified by DLW and BMR by indirect calorimetry described earlier.
EE predictive methods HR monitoring (FLEX-HR method) (visits 4 and 5)
The FLEX-HR method assesses EE from HR using individual calibration from linear regression of the HR and oxygen uptake (VO 2 ). 11 To calculate the FLEX-HR and to check the linearity of these two variables for each individual, HR and VO 2 were measured in participants under the following conditions over two laboratory visits ( Fig. 1 ):
(i) while lying down during a 30-min period of quiet rest; (ii) while seated in their wheelchairs; (iii) during an incremental speed and constant grade submaximal treadmill test (described below); (iv) during a constant speed and incremental grade submaximal treadmill test (described below). 
Incremental speed and constant grade sub-maximal treadmill test (visit 2)
This test involved the participant pushing their own wheelchair on a treadmill at six different velocities. Each stage lasted 5 minutes, at a constant grade (0.5%) and at increments of velocity by 1 km/h. The initial velocity was 1 km/h, and this progressed to 3.5 km/h in the final stage. A 3-minute recovery period was permitted between each stage. Expired respiratory gases and ventilation were collected and analysed using breath-by-breath indirect calorimetry.
Constant speed and incremental grade sub-maximal treadmill test (visit 3)
This test was of a similar format to that described above, but was at a constant speed of 2 km/h for all stages, starting at 0.5% gradient and increasing by 0.5% slope during each subsequent stage to final 3.0% grade.
After performing all resting and treadmill exercise tests, EE was predicted from HR by Individual HR and VO 2 linearity: The multiple resting and exercise bouts were used to verify the linearity of HR and VO 2 for each participant. Linearity was calculated by deriving the calibration curves from linear regression of the lying, sitting, and 12 treadmill wheelchair exercise stages (i.e. 6 stages from the velocityvariable treadmill test and 6 stages from the gradientvariable treadmill test). The average of the last 3 minutes of steady-state rest and exercise stages was used to establish the linear regression between HR and VO 2 . Calculating FLEX-HR: The multiple rest and exercise levels were used to calculate the FLEX-HR, which is determined as the mean of the highest HR at rest and the lowest during exercise plus 10 b/minute. 16 In the present study, to calculate the individual FLEX-HR, we used the highest HR during lying and sitting, and the lowest HR from all treadmill stages and during steady-state exercise. Estimation of EE from FLEX-HR: Finally, in order to calculate EE, HR was recorded on a beat-by-beat basis during the waking hours at least 12-hour duration. Participants were instructed to use the HR monitor (Polar RS800CX, Polar Electro, Finland) over 2 days (12th and 13th days of the DLW period, Fig. 1 ), including a 'more physically active day' and a 'less active day', in order to assess the differences in PA patterns. During this observation period, participants also recorded their sleeping time. Minute-by-minute HR data were downloaded to a computer, and individual HR data points below and above FLEX-HR were identified, distinguishing the time spent in 'sedentary' versus 'physically active' phases. Participants were oriented to report their daily activities while wearing the SWA and HR monitor, and based on their report, the day was classified as more or less active. We subtracted the reported sleeping time and the time spent while the HR was above the FLEX-HR from 1440 minutes (24 hours) and assumed this difference as the HR below the FLEX-HR (sedentary phase). To estimate EE from HR, each individual's HR/VO 2 slope and intercept regression equation was determined and thus, for every measured HR, there was a correspondent estimated VO 2 value. Subsequently, EE from VO 2 was derived based on the formulae by Weir (20.5 kJ/l O 2 ). 20 Finally, TDEE (kJ) for each day was individually calculated from HR as TDEE = Σ basal EE + Σ sedentary EE + Σ activity EE To calculate 'basal EE', individual reported sleeping time in minutes was converted to EE measured during BMR (visit 1). 'Sedentary EE' was the time spent when HR <FLEX-HR, and 'activity EE' was the time spent while HR was ≥FLEX-HR. Calculation for 'activity EE' was performed separately for each minute during the time that the participant wore the HR monitor. 16 Multi-sensor armband (SWA method) (visits 4 and 5)
The SWA (SenseWear Software v7.0 BodyMedia ® , Pittsburgh, PA, USA) incorporates a variety of biosensors (bi-axial accelerometer, galvanic skin resistance, heat flux, skin, and near-body temperature) and demographic characteristics (gender, age, height, weight) into proprietary algorithms to estimate EE. 25 Participants were instructed to wear the SWA over 2 days (Fig. 1) , including a 'more physically active day' and a 'less active day', in order to assess the differences in PA patterns. SWA was worn on the right arm over the triceps muscle during the waking hours of at least 12-hour duration. The SWA assessed EE in kcal and this was converted into SI units (kJ).
Estimation of EE from SWA
The SWA-estimated TDEE was input into a computerized software algorithm to express the PAEE using the METs system. The software was set up, by the authors, to identify the time spent in any physical energy cost at ≥3 METs.
Recall questionnaires method (visit 5)
Physical Activity Recall Assessment for People with Spinal Cord Injury On the final visit, the PARA-SCI was administered to record lifestyle and leisure-time PA over the previous 3 days. The PARA-SCI is an interviewer-administered recall questionnaire tailored exclusively to people with SCI who use a wheelchair as their primary mode of locomotion. 8 The PARA-SCI quantifies the duration of Estimation of EE from PARA-SCI To estimate PAEE, we summed mild, moderate, and vigorous of daily activities, assuming mild activity as 1.5 METs, moderate as 4.0 METs, and vigorous activities as 6.0 METs. 17 Finally, we calculated the TDEE as:
The Physical Activity Scale for Individuals with Physical Disabilities
The PASIPD is a 13-question instrument which requests information about the following 3 subscales: (i) leisure, (ii) household, and (iii) occupational PA over the preceding 7 days. Each scale item assesses the number of days and average hours per day of PA participation at different intensities. The scoring of the scale reflects a composite PASIPD score computed by multiplying the average hours per day by a MET value. The MET value are based on activity intensity, and eventually expressed the PA patterns as MET-h/day. 12 This questionnaire was administered by an interviewer on the final visit.
Estimation of EE from PASIPD
To convert MET-h/day to PAEE we estimated the metabolic equivalent per hour for each person, on a daily basis, utilising an adapted method according to
Besson et al. 27 TDEE was calculated as:
+ PAEE(PASIPD;kJ)/0.9
Statistical analysis
Data are presented as mean ± SD. All analyses were performed using SPSS 19.0 and statistical differences were reported as exact probabilities. One-way ANOVA followed by post hoc Tukey tests were performed to determine whether there were differences in TDEE and PAEE between different methods to estimate EE. Coefficients of determination (R 2 ) were used to determine the degree of association between DLW, FLEX-HR, SWA, PARA-SCI, and PASIPD estimates of EE. Finally, agreement between each method and DLW was assessed using the Bland-Altman analyses.
Results

Participant characteristics
The demographic and anthropometric characteristics of participants are presented in Table 1 . Nine participants had complete spinal cord lesions and five possessed incomplete lesions. Level of lesion was distributed between paraplegia (71%) and tetraplegia (29%). The average age of participants was 40 ± 13 years, and they had a SCI for a mean of 10 ± 8 years. Average BMI was 25 ± 3 kg m 2 suggesting that the participants were slightly overweight, with respect to ablebodied norms, and the mean fat mass estimated from stable-isotope dilution was 33 ± 9%, indicating obesity.
EEs estimated from reference and predictive methods
The mean TDEE measured by DLW, FLEX-HR, and SWA was 9817 ± 2491 kJ/day, 8498 ± 1516 kJ/day, and 11414 ± 3242 kJ/day, respectively. After being converted to kJ, the mean TDEE for PARA-SCI was 9259 ± 2094 kJ/day, and was 9766 ± 1462 kJ/day for PASIPD (Fig. 2) . BMR measured by indirect calorimetry was 5995 ± 955 kJ/day. Although DLW-derived TDEE was overestimated by all predictive methods (except for FLEX-HR), only SWA demonstrated significant difference compared to DLW (about 16%, P = 0.02). For technical reasons, two individuals did not complete the FLEX-HR analysis. The mean reference method-derived PAEE was 2841 ± 1626 kJ/day, but estimated to be 2935 ± 1732 kJ/day by FLEX-HR, and 2773 ± 2966 kJ/day by SWA (Fig. 2) . PA scores estimated by PARA-SCI and PASIPD were 176 ± 58 min/day and 28 ± 10 MET-h/day, respectively. After these were converted to PAEE, the mean value for PARA-SCI was 2339 ± 1171 kJ/day, and PASIPD was 2749 ± 1026 kJ/day (Fig. 2 ). There were no significant differences in estimated PAEE between the reference standard and any of four predictive methodologies. (Note: 4.18 kJ = 1 kcal.)
Comparisons to reference standard method (DLW) Fig. 3 portrays comparisons of TDEE and all other predictive methods. TDEE, quantified by DLW, was associated with FLEX-HR (R 2 = 0.68, P = 0.001), SWA (R 2 = 0.65, P < 0.001), PARA-SCI (R 2 = 0.74, P < 0.001) and PASIPD (R 2 = 0.73, P = 0.003) (Fig. 3 ).
DLW PAEE (in kJ) was significantly associated only with PARA-SCI (R 2 = 0.50, P = 0.005), but not with the other predictive methods (R 2 ranged between 0.13 to 0.30, P > 0.05; Fig. 4 ). In addition, when the coefficient of determination was calculated between the DLW reference method and PARA-SCI PA index in min/day (R 2 = 0.62, P = 0.001) or PASIPD PA index in MET-h/day (R 2 = 0.13, P = 0.062), results were similar to PAEE in kJ. The degree of concordance between PAEE, derived from the difference between predictive methods (SWA, FLEX-HR, PARA-SCI, PASIPD) and the reference technique (DLW) has been graphically portrayed using Bland-Altman plots (Figs 5 and 6 ). For TDEE, the mean bias ± SD was 1597 ± 1915 kJ/day between DLW and SWA, −860 ± 1397 kJ/day between DLW and FLEX-HR, −557 ± 1275 kJ/day between DLW and PARA-SCI and −51 ± 1748 kJ/day for DLW and PASIPD. All data points (i.e. 100%) fell within the ±1.96SD boundaries for two of the predictive methods (FLEX-HR and PARA-SCI) and 93% of the data points fell with the ±1.96SD boundaries for SWA and PASIPD. For PAEE, the mean bias ± SD was −67 ± 2758 kJ/day between DLW and SWA, 461 ± 1527 kJ/ day for DLW and FLEX-HR, −502 ± 1147 kJ/day between DLW and PARA-SCI and −46 ± 1574 kJ/day for DLW and PASIPD. All data points (100%) fell within the ±1.96SD boundaries for three of the predictive methods (FLEX-HR, SWA, and PARA-SCI) and 93% of the data points fell with the ±1.96SD boundaries for PASIPD.
Discussion
DLW and indirect calorimetry
This study sought to contrast different indirect and predictive methodologies to estimate TDEE and PAEE against a commonly accepted 'reference' standard, the DLW technique, in a SCI population of wheelchair users. The DLW technique is both simple and non-invasive and has been validated in animal Figure 6 Bland and Altman plot of PAEE (kJ/day) using DLW + indirect calorimetry and PARA-SCI (A) and of PAEE using DLW + indirect calorimetry and FLEX-HR (B). PAEE = Physical activity-associated energy expenditure; DLW = doubly labelled water; PARA-SCI = Physical Activity Recall Assessment for People with Spinal Cord Injury; PASIPD = Physical Activity Scale for Individuals with Physical Disabilities. Figure 5 Bland and Altman plot of PAEE (kJ/day) using DLW and SWA (A) and of PAEE using DLW and FLEX-HR (B). PAEE = physical activity-associated energy expenditure; DLW = doubly labelled water; SWA = SenseWear Armband; FLEX-HR = Flex heart rate monitoring. and human studies, providing accurate measurements of free-living EEs. 19 However, the DLW technique has some limitations, including: (i) it is somewhat expensive and large sample studies might therefore be unfeasible and, (ii) only TDEE can be directly quantified, and therefore a combination with other techniques, such as indirect calorimetry, is necessary for the estimation of sub-fraction EE components. Since this is the first report on DLW-quantified TDEE in SCI individuals, a direct comparison of our findings with those from previous reports in wheelchair-dependent populations is not possible. In able-bodied individuals though, Goran et al. 28 reported a mean TDEE of 11908 ± 2165 kJ/day, approximately 24% higher than our data. Goldberg et al. 29 investigated 10 healthy women and their results were 8% higher than the TDEE measured in individuals with SCI. Such differences might be expected, since the negative physiological sequelae after SCI and life style adaptations to a wheelchair, together promote reduced lean muscle tissue and lower levels of PA with concomitant effects upon TDEE. 4, 30 A more sedentary lifestyle can be an important factor for reduction in daily EEs, as was demonstrated in a study of DLW-quantified TDEE in adults with cerebral palsy. 31 The mean TDEE for the entire group was 9346 kJ/day, yet when subdivided into ambulatory versus non-ambulatory individuals, the latter demonstrated a significantly lower TDEE (10307 ± 2107 kJ/day versus 8385 ± 2408 kJ/day for ambulatory and non-ambulatory, respectively). TDEE has been previously quantified in people with SCI using a respiratory chamber, 23 which is considered another 'reference standard' technique. Those authors' findings for TDEE (7824 ± 305 kJ/day) were about 20% lower than observed in the current study. This disparity can be explained by methodological differences, since EEs assessed while confined in a respiratory chamber may underestimate 'free-living' EE by up to 47%.
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BMR measured by indirect calorimetry has been previously investigated in two SCI cohorts, and our findings closely replicate those prior investigations. For example, Buchholz et al. 4 reported in 17 men with SCI, a BMR of 6499 kJ/day. BMR reported for 20 individuals with SCI by Yilmaz et al. 33 was 6082 kJ/day.
Both of these earlier reports are fairly close to the current study's findings of 5995 ± 955 kJ/day.
DLW and predictive methods of EE estimation
SWA method
The SWA overestimated TDEE by 16% compared to DLW-quantified TDEE (9817 ± 2491 and 11414 ± 3451 kJ/day, for DLW and SWA, respectively; P < 0.02).
Conversely, SWA underestimated PAEE derived from the reference standard technique by 3%, although this difference was not statistically significant. Bland-Altman plots demonstrated that 93-100% of points for TDEE and PAEE lay between the ±1.96SD lines. Regression revealed a moderate association between SWA and DLW for TDEE (R 2 = 0.65; P < 0.000), but a poor association between SWA and the reference method for PAEE (R 2 = 0.16, P = 0.159) (Figs 3 and 4, respectively) . In this study, participants wore the SWA for at least 12 hours over 2 days; each with different characteristic selfreported PA routines. There was no difference between 'less active' and 'more active' days for TDEE (11328 ± 3145 versus 11499 ± 3449 kJ/day, respectively; P = 0.905) or PAEE (2716 ± 2941 versus 2838 ± 2995 kJ/ day, respectively; P = 0.988). This suggested that TDEE and PAEE measurements for only 2 days within a 2-week survey period offered reasonably accurate information about the weekly EE of SCI individuals. A similar approach was used with DLW over 14 days and HR monitoring for 3 days in obese women with similar outcomes. 17 To the authors' knowledge, the current study was the first to contrast SWA-and DLW-derived estimates of TDEE/PAEE in community-dwelling SCI. Although successfully deployed within other clinical populations, there is little previous information regarding the validity of SWA for EE assessment in wheelchair users. A conference report, 34 wherein the authors compared SWA to indirect calorimetry in six people with SCI, described a good intraclass correlation between indirect calorimetry and SWA (0.79, P < 0.001). However, SWA overestimated EE at rest by 6%, during deskwork by 13%, during wheelchair propulsion at three different intensities by 88-138%, and during arm-cranking exercises in three different intensities by 27-55%. The preliminary findings of this conference abstract corroborate our data, revealing an overestimation of TDEE by SWA, but moderate to good measures of association between SWA and DLW. In contrast, previous studies using SWA have demonstrated a good accuracy for assessing the EE of children during their typical activities of daily living, 15 and a reasonably accurate estimate of EE in young people with cystic fibrosis and their healthy age-matched cohorts. 25 Therefore, SWA would seem to be a promising approach for EE assessment after SCI in wheelchair users, as it is portable, comfortable, and metabolism can be easily assessed during daily activities under free-living environmental conditions. However, due to the significant overestimation of TDEE and poor association between DLW and SWA for PAEE, it is clear that specific algorithms for individuals who are wheelchairambulatory must be developed in order to improve the validity of using a SWA for PA promotion in this population.
FLEX-HR method
The FLEX-HR method uses the HR and VO 2 linearity for a given individual to estimate their PAEE. Racette et al. 17 compared the TDEE in obese women, quantified by DLW and estimated by HR and they observed only 1% difference between techniques. Livingstone et al.
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conducted a study in 14 community-dwelling adults, and the authors reported a negligible (less than 1%) difference between DLW-derived and HR-estimated TDEE. The current study employed a similar version of those protocols since they had demonstrated no significant differences between methods using DLW over 14 days and HR monitoring for only 3 days. A strong HR-VO 2 linearity has also been observed in wheelchair users with SCI. 35, 36 However, in a study conducted upon individuals with tetraplegia, 37 the relationship between HR-VO 2 was linear in only eight out of 18 SCI people. The non-linearity of HR-VO 2 after tetraplegia is commonly attributed to their sympathetic dysfunction, resulting from spinal cord damage above the fourth thoracic neurological segment, evoking a deprivation of supraspinal sympathoadrenal control and a blunted HR response to cardioacceleration. Therefore, within the SCI population, two different patterns of HR response have been observed differing by injury level -a 'normal' HR response to increased exercise intensity in paraplegia and a blunted cardioacceleration in tetraplegia. Therefore, HR monitoring alone might either overestimate or underestimate the prediction of EE in sub-populations of SCI. Evidence for this limitation to the use of HR monitoring has been provided by Mollinger et al., 38 who estimated TDEE in individuals with SCI, subdivided into four groups, according to their neurological injury level. The authors reported significant differences in TDEE estimated by the HR monitoring technique among groups. The higher lesion-SCI level group revealed the lowest values for TDEE (high tetraplegic group = 5567 kJ/day, low tetraplegic group = 8811 kJ/ day, high paraplegia group = 10913 kJ/day, and low paraplegia group = 11 256 kJ/day). Although these findings indicated an inverse relationship between neurological injury level and TDEE in persons with SCI, the HR monitoring technique was not compared to any reference standard, and therefore it was not possible to verify whether the FLEX-HR method over-or under-estimated TDEE between groups. So HR monitoring to predict EE may yield a certain inaccuracy if there is a blunted or an accelerated exercise-induced tachycardia that is not associated with EE variations. Alternatively, it might be reasonable to assume that higher lesion levels are associated with reduced PA due to decreased muscle mass under voluntary control.
Although not statistically significant, our findings revealed an overestimation by 13% of TDEE and by 3% of PAEE derived from FLEX-HR compared to DLW. The phenomenon observed in the previously cited research could explain our findings, as only four of 14 individuals in the current study met the criteria for blunted cardioacceleration to exercise. The association between DLW and FLEX-HR for TDEE (R 2 = 0.68, P = 0.001) (Fig. 3 ) was better than that for PAEE (R 2 = 0.30, P = 0.062) (Fig. 4) , lending credence to the view that the FLEX-HR method of EE estimation during exercise or physical activities might be compromised by high-lesion neurological impairment after SCI. Clearly, our data commend an individual analysis of the relationship between HR and VO 2 when estimating EE during PA in wheelchair users, in part because of the atypical sympathetic response to exercise related to the injury level, in some people with upper motor neuron lesion SCI.
PA questionnaires method
Although preliminary evidence has validated the PARA-SCI as a measure of PA, 8, 26 this is the first study that directly compared the PARA-SCI to DLW estimates of PAEE. PARA-SCI revealed an acceptable association with the reference method for PAEE in SCI (R 2 = 0.50, P = 0.005) (Fig. 4) , and it was even somewhat better in its PA index score (R 2 = 0.62, P = 0.001). Indeed, PAEE measured by PARA-SCI showed a better association with DLW than did FLEX-HR, SWA, or PASIPD. After the conversion of its PA activity index of min/day to kJ, statistical analysis revealed no significant differences between DLW and PARA-SCI, for TDEE (9817 ± 2491 kJ/day versus 9259 ± 2094 kJ/day for DLW and PARA-SCI, respectively) or for PAEE (2841 ± 1626 kJ/day and 2339 ± 1171 kJ/day for DLW and PARA-SCI). The Bland-Altman plots portrayed a good degree of concordance ('goodness of concordance' was defined according to the numbers of data points that lay between +1.96SD and −1.96SD of the mean difference between DLW and each predictive technique), and the least inter-individual variability in kJ of EE compared to all the other predictive methods (−558 ± 1275 kJ for TDEE and −501 ± 1147 kJ PAEE, respectively). Fig. 6 portrays the bias and standard deviations between DLW and PARA-SCI of PAEE. The findings of the current study clearly demonstrated that PARA-SCI was able to quantify the EE of daily PA patterns performed by wheelchair users when compared to 14-day DLW. PASIPD non-significantly overestimated TDEE by 1% and underestimated PAEE by 3% in the current study. Despite its poor relationship with DLW for PAEE (R 2 = 0.13, P = 0.062; Fig. 4 ), PASIPD revealed a barely acceptable association with DLW for TDEE (R 2 = 0.53, P = 0.003; Fig. 3 ). However, a likely explanation for this finding was that in order to calculate TDEE from the original PASIPD PA index (in METh/day), measured BMR from indirect calorimetry was the other sub-fraction employed. Whereas BMR was the same sub-fraction used to calculate PAEE from DLW and, more importantly, BMR is quantitatively the ∼75% of TDEE, we therefore assume that TDEE from PASIPD is just a surrogate for BMR -limiting its utility for this population.
Conclusion
In this study, we compared EE determined by a combination of DLW and indirect calorimetry against some of other common predictive methods for PA and EE assessment. Our results revealed that SWA significantly overestimated TDEE by 16%, and the other techniques also overestimated TDEE by 13% (FLEX-HR), 6% (PARA-SCI), and 1% (PASIPD) when compared to DLW in our SCI subjects. FLEX-HR also overestimated PAEE by 3%, but this was not significantly different. Conversely, SWA, PARA-SCI, and PASIPD non-significantly underestimated PAEE (by 3, 18, and 3%, respectively) when compared to DLW-based estimates of daily PAEE. We conclude that, based on our results of this preliminary study, PARA-SCI was the best method for predicting PAEE, in wheelchair users of SCI aetiology.
Limitations of this study
The sample size of this study was limited, although with 14 SCI wheelchair users it represents one of the larger ones recently published in clinical populations. Recruitment of individuals with SCI is a well-known challenge for clinical researchers. Yet the results of this study are still highly relevant, since they lend credence to the PARA-SCI as a useful tool for PA and PAEE assessment, and they have revealed future directions for understanding TDEE and PAEE in the context of body adiposity accumulation for wheelchair users with SCI. A second limitation was to the experimental design. In the current study, for technical and practical reasons, we opted to use the SWA and FLEX-HR monitoring for 2 days comprising 'more active' and 'less active' self-reported sampling periods, in contrast to a longer period embracing the 14-day DLW assessment. However, in two other studies, 17,18 a similar protocol was employed and those authors observed no differences between methods based on a 3-day periodic assessment of HR monitoring. Nevertheless, this study provided new information concerning the feasibility and validity of different methods to assess EE in individuals with SCI who are wheelchair-confined. This study can also be considered as laying an important foundation for understanding the links between PA, EE, and exercise prescription to reduce body adiposity in people with SCI.
